Introduction
============

Epilepsy surgery, which usually consists of ablation of the epileptogenic area in an attempt to improve seizure control, can be classified into two broad categories: palliative surgery and curative surgery. While palliative surgery lessens seizure severity and/or frequency or prevents the occurrence of a certain seizure type, curative resection surgery aims to eradicate seizures, leading to an improvement in daily life and decreased mortality. Surgically remediable epilepsy syndrome is referred to as mesial and/or lateral temporal lobe epilepsy (TLE), lesional neocortical epilepsy, non-lesional neocortical epilepsy, diffuse hemispheric epilepsy, and symptomatic generalized epilepsy.^[@B9]^ As Wiebe et al. demonstrated the advantages of epilepsy surgery over medical treatment, the role of surgical resection in TLE has become well established within a relatively short period.^[@B44]^ With long-term adequate control of seizures, surgical intervention is also expected to set the stage for improved self-esteem, greater social opportunity, and career advancement, thereby improving the quality of life for a patient with seizure disorder.^[@B20]^ Surgical success relies upon complete resection of the ictal onset zone, especially in the case of lesional/nonlesional neocortical epilepsy.^[@B5],[@B43]^ Accurate demarcation of both seizure foci and eloquent cortices is essential for this purpose.^[@B26]^ Previous reports showed that seizure freedom rates after resection surgery vary from 15% to 84%,^[@B4],[@B8],[@B12],[@B19],[@B22]--[@B24],[@B39],[@B40],[@B46]^ but more consistent conclusions on outcome have not yet been made due to short-term follow-up periods^[@B41]^ or due to little knowledge about longitudinal outcomes. The aim of the current study is to examine both short- and long-term seizure outcomes by using the statistical methods of survival analysis while accounting for variation in the duration of follow-up among patients in a single institute.

Materials and Methods
=====================

Since 1992, more than 150 patients with medically intractable epilepsy have been treated surgically in Kyoto University Hospital. In order to clarify the long-term postoperative outcome for a period up to 10 years, a retrospective chart review of patients who underwent epilepsy surgery at our department between May 1992 and February 2003 was performed. Only patients who underwent resection surgery for curative purpose and had multiple seizure episodes with adequate usage of the appropriate antiepileptic drugs were included. Patients who underwent a hemispherectomy, a palliative surgery such as callosotomy, or tumor resection surgery were excluded from this study. Although hemispherectomy is generally considered as a curative surgery, the candidate of hemispherectomy may have widely damaged brain and/or severe developmental disorder, and will not be considered for further resective surgery. Eventually, 76 patients were included in this study with the aforementioned criteria.

I.. Acquisition of perioperative data
-------------------------------------

Data collected from medical records included demographics, neuroimaging data, information on prior electrode implantation surgery, the location and extent of the epileptogenic area, the type of surgery, the language dominant hemisphere, and pathological findings.

All patients first underwent a detailed history and neurological estimation. Long-term video-electroencephalogram (EEG) monitoring was performed with scalp electrodes placed according to the international 10--20 system. Preoperative imaging included magnetic resonance imaging (MRI) using a standardized epilepsy protocol that always included T~1~-weighted, T~2~-weighted, and fluid-attenuated inversion recovery (FLAIR) sequences. MRI studies were classified as normal ("non-lesional") or abnormal ("lesional"). Selected patients also underwent fluorodeoxyglucose-positron emission tomography (FDG-PET), interictal/ictal 99 m Tc HMPAO or 123I IMP single-photon emission computed tomography (SPECT), or magneto encephalography (MEG). Additional examinations, which focused on the preservation of normal brain function, included functional MRI, the Wada test (intracarotid amobarbital procedure),^[@B32]^ and neuropsychological testing.

These clinical history, semiology, and results of the non-invasive evaluation were presented at a multidisciplinary patient management conference. The strategy of resection surgery was discussed, and the recommendation of the invasive evaluation prior to resection was determined.^[@B21]^

Based on the preoperative protocol, only selected patients, in whom the localization of the ictal onset zone was not confirmed with non-invasive examinations because of lack of adequate information and/or discordance of them, underwent invasive monitoring with subdural grid electrodes, sometimes with depth or rarely epidural electrodes. Although intracranial EEG has greater sensitivity and spatial specificity than scalp EEG, it has limited spatial sampling.^[@B42]^ We used commercially available platinum subdural strips and grid electrodes provided by two different manufacturers (Ad-tech Medical Instrument, Racine, Wisconsin, USA, and/or Unique Medical, Tokyo, Japan) for chronic implantation. These techniques were also used to perform functional mapping if the ictal onset zone was thought to be close to the eloquent cortical area.

Surgical resection was classified based on the location of the surgical site: the frontal lobe (FLE), temporal lobe (TLE), parietal lobe (PLE), occipital lobe (OLE), and over multiple lobes (multilobular). The type of surgery was classified as anterior temporal lobectomy (ATL), selective amygdalo-hippocampal (SAH) resection, and lesionectomy only/and tailored resection of focus (focus resection). Following pathological examination, the specimens were divided into the following five categories: hippocampal sclerosis, gliosis, cortical malformation, tumor, and vascular anomaly.

II.. Postoperative evaluation
-----------------------------

All patients were seen at the time of their regular visits at the outpatient clinic, and all medical records were reviewed retrospectively up to 10 years after the surgery. The state of epilepsy after surgical treatment was assessed by the classification of Engel's criteria as follows: Class Ia (seizure free), Class Ib--d (free of disabling seizures), Class II (rare disabling seizures, almost seizure-free), Class III (worthwhile improvement), and Class IV (no worthwhile improvement).^[@B10]^ Seizure outcome was evaluated at 2 years, 5 years, and 10 years after the resection surgery.

In addition to this conventional evaluation of seizure control, we adopted Kaplan-Meier survival analysis. In this analysis, patients were classified as seizure free if they achieved an Engel Class I rating postoperatively throughout the entire period of 10 years. The primary endpoint was decided at the first occurrence of disabling complex partial seizure and/or the occurrence of a secondarily generalized seizure. Because most of the medical records lacked a detailed description of each aura and minor simple partial seizure symptom, it was often difficult to differentiate these sporadic episodes. Therefore, isolated auras and simple partial seizures were not counted as seizure recurrence.

III.. Statistical analysis
--------------------------

Descriptive statics were obtained with means and standard deviations for continuous variables and frequencies of categorical variables. Factors such as the interval in months between the onset of the seizure and the surgical procedure (duration of epilepsy), the presence of an abnormality detected by MRI (lesional), the side of resection along with the dominant language hemisphere (dominant), the extent of the surgical site, the type of surgery, and pathological findings were assumed to be potential predicting factors. Kaplan-Meier survival analysis was used to calculate the probability of seizure freedom in the group. Statistical significance was tested by using the log-rank test and comparison of 95% confidence intervals (CIs).^[@B2]^

Results
=======

Clinical data on 76 consecutive patients who underwent resection surgery during the study period were reviewed and analyzed. The subjects included 39 female patients and the mean (SD) age of all subjects was 30 (14) (range, 4--65) years. The mean duration of epilepsy was 14.8 ± 10.6 years at the time of resection. The clinical features of the entire group are summarized in [Table 1](#T1){ref-type="table"} .

Intracranial electrodes were implanted in 28 (37%) out of 76 patients prior to resection surgery. The monitoring period following the placement of the electrodes was 9.5 ± 3.8 (range, 3--15) days. Resection surgery was performed based on non-invasive and invasive data available within the limited period of monitoring for 3 patients who required emergent electrode removal before the scheduled surgery. MRI scans detected an abnormality in 70 cases out of 76, and these cases were classified as "lesional" cases. Out of these lesional cases, only 5 cases showed abnormal lesion over multiple lobes. The other 65 cases showed signal abnormality within the single lobe.

The cases were classified into 3 groups based on the language dominant side in accordance with the side of the resection area: 23 language dominant side, 35 language non-dominant side, and 18 undetermined cases. The ictal onset zones were identified for resection within a single lobe such as the frontal (FLE: 15 cases, 20%), temporal (TLE: 51 cases, 67%), and parietal (PLE: 3 cases, 4%) lobes; the occipital lobe was not identified for any of the cases. Surgical treatment over multiple lobes (multilobular) was required in 7 cases (9%). The most common etiology was hippocampal sclerosis in 22 cases (29%), followed by gliosis (28%), tumor (20%), cortical malformation (14%), and vascular anomaly (9%).

Postoperative course and outcome of seizure control
---------------------------------------------------

Out of 76 patients, 6, 17, and 32 patients did not turn for a follow-up at 2, 5, and 10 years after surgery, respectively. It is because of various reasons: referral to another hospital (25 cases), reoperation (6 cases), and death (1 case). In the cases of reoperation, outcome of seizure control was evaluated before the second operation. The cause of death in the latter patient was acute myocardial infarction, which was thought to have no relation to the surgical procedure.

The comparison of postoperative seizure control of each time period over the 10 years of follow-up is illustrated in [Fig. 1](#F1){ref-type="fig"}. The most favorable outcome, defined as an Engel Class Ia, was achieved in 26 (37%), 24 (40%), and 18 (41%) cases at 2, 5, and 10 years after surgery, respectively. The second favorable, outcome defined as an Engel Class Ib-d, was achieved in 22 (31%), 21 (36%), and 19 (22%) cases at 2, 5, and 10 years, respectively. The course of outcome values based on Engel's criteria for 44 out of 76 (58%) patients who were followed continuously during the entire study period is shown in [Fig. 2](#F2){ref-type="fig"}. These results did not reach significant differences regarding the favorable outcome group among the three different time periods of evaluation after surgery.

The Kaplan-Meier survival curve illustrating seizure recurrence in the overall group is shown in [Fig. 3](#F3){ref-type="fig"}. The estimated probability of seizure freedom was 86% (95% CI, 82--90%) at 1 postoperative year, 75% (70--80%) at 2 years, 67% (62--72%) at 5 years, and 51% (45--57%) at 10 years. The variables of interest in this analysis were sex, duration of epilepsy (less than/not less than 10 years), presence of MRI abnormality (lesional/non-lesional), location of surgical site (TLE/other than TLE), type of surgery (ATL/SAH/focus resection), the side of surgery corresponding to language dominancy (dominant/non-dominant), and pathological findings (5 categories). The proportion of favorable surgical outcome assessed with Engel's criteria did not show any differences according to these variables. The duration of epilepsy showed a tendency to correlate with long-term outcome of seizure control in the survival analysis ([Fig. 4](#F4){ref-type="fig"}), but this failed to reach a significant level with any comparison.

Discussion
==========

Quality of life has been gradually recognized as an important component of epilepsy care, especially as the understanding of the complex impact on the patient's daily life has increased.^[@B27]^ The elimination of seizures by surgical intervention would be expected to decrease mortality in addition to providing opportunities for improved self-esteem, greater social opportunity, and even career advancement.^[@B25]^ Spencer and Huh reviewed that 48--84% of patients were seizure-free after temporal lobe resection: 66--70% at short-term (less than 5 years) and 41--79% at long-term (more than 5 years) follow-up. On the other hand, 36--76% of patients were seizure-free after neocortical resection.^[@B36]^ In other studies, seizure-free outcomes at the last follow-up ranged from 15% to 55%.^[@B6],[@B7],[@B15],[@B24]^ Direct comparison of seizure freedom rates derived across various surgical series may appear to be conflicting. In addition, the lack of longitudinal follow-up in many of the prior studies may lead to more optimistic conclusions about surgical outcomes because the results may not be sustained over a period of more than 5 years. Since epilepsy is considered a life-long disease, its treatment should aim to obtain satisfactory control over the condition for a substantially long period. From this point of view, a definite estimation of seizure control after resection surgery will be required over a relatively long period of time. Traditionally, epilepsy after surgical treatment was assessed by Engel's criteria, which categorizes patients into four major classes according to the degree of seizure reduction. The individual's classification differs according to the time of estimation, because the categorization is based only on the recent attack. In addition to this system, we used Kaplan-Meier survival analysis.^[@B1],[@B2],[@B31],[@B46]^ Although several reports addressed long-term seizure outcomes,^[@B3],[@B29]^ a clear understanding of the mechanism governing seizure recurrence at various postoperative periods has not been achieved.^[@B1]^

Van Gompel et al. (2008) reported that 47% of patients were seizure-free or exhibited only auras in a follow-up period of at least 2 years.^[@B41]^ Moreover, it was reported that 66% experienced seizure remission within first 2 years, and these rates did not significantly differ between medial temporal (68%) and neocortical (50%) resections.^[@B37]^ Our longitudinal analyses demonstrated that seizure freedom varied with the postoperative time course, with approximately half of the recurrences occurring during the first 2 years following surgical resection and the other half occurring between 2 and 10 years. Thus, the period around 2 years after resection surgery might be one of the critical points, which is independent of the type of epilepsy and surgery.

This phenomenon and pattern of seizure recurrence is in concordance with previously published data.^[@B16]--[@B18],[@B46]^ Although the reason for these differences between early and late seizure recurrence is not clear, the initial rapid recurrence may be explained by incorrect localization of the epileptic focus, leading to inappropriate/incomplete resection. On the other hand, it is suspected that the later recurrence with slow rate is more likely attributable to the progressive manifestation of potential epileptogenicity, de novo development of epileptogenicity, or the influence habit changes in the patient's daily life like the usage of antiepileptic drugs, sleep cycle, alcohol consumption, and employment. This suggests that the major epileptic focus in medically intractable epilepsy patients is not stable over time because the initial success in seizure control will be followed by the delayed development of active epileptic foci. Moreover, the late seizure recurrence in this patient population raises the question of epilepsy progression.^[@B38]^ The pattern of relapsing seizure in the current study seems very close to the observational study ofrecurrent seizures after one or two unprovoked seizures.^[@B13],[@B14]^ Such similarity may suggest that the resection surgery has already fulfilled the main purpose to change intractable partial epilepsy into controllable to a certain level. Recent advances in imaging technology allow the current seizure onset zone to be well defined and resected.^[@B28]^ However, no methods currently exist to delineate the "potential seizure onset zone," which may be the source of this delayed recurrence.

Regarding the long-term evaluation of seizure control, another classification has been recently proposed that categorizes the state of epilepsy into four different types: inactive, delayed seizure, intermittent, and intensive. This novel classification makes use of empirical data on long-term frequency and duration of attacks and provides a clue to the quality of life. Eventually, it can be more informative for predicting long-term mortality than the Engel classification.^[@B34]^

Determination of long-term relapse risk and prognosis is essential, but the available information is neither comprehensive nor conclusive because various factors may influence long-term seizure control. The presence of hippocampal sclerosis, the focal localization of interictal epilepti form discharges, the absence of preoperative generalized seizures, tumor etiology, complete resection of the lesion,^[@B36]^ and MRI with visible focal lesions were indicated as positive predictive factors for resection surgery of TLE.^[@B45]^ The presence of a discrete lesion on MRI, complete resection of the lesion, localized scalp EEG ictal onset, concordant hypometabolism on FDG-PET (with lesion or localized EEG), longer duration of epilepsy, lack of febrile seizures,^[@B36]^ milder semiology, location in temporal lobe, and positive findings in histology of dysplastic cortex^[@B29]^ were indicated as positive predictors for neocortical epilepsy. In contrast, normal pathology and earlier relapse were assumed to be negative predictive factors for good seizure outcome.^[@B46]^ In comparison of the factors such as MRI lesional/non-lesional, TLE/non-TLE, language dominant/non-dominant, and duration of epilepsy longer/shorter than 10 years, two estimated survival curves cross each other over the period.

In case of insufficient postoperative seizure control, a second resection surgery in addition to further medical treatment and/or palliative neuromodulation surgery such as vagal nerve stimulation can be considered as treatment options. In this study, 6 patients (8%) underwent further resection surgery within 10 years. In a recent series of reports, 1--11% of patients underwent reoperation for surgical failure,^[@B11],[@B30],[@B35]^ which was usually performed in the same region as the previous surgery. After reoperation, 39--57% of patients became seizure--free,^[@B36]^ which is usually a less favorable outcome than the previous operation.^[@B33]^

Our longitudinal analyses showed relatively good outcome in this study, but did not indicate any significant predicting factors for good outcome. This may be due to the predominant proportion of lesional cases, a mixed study group with various types of epilepsy, the limited number of patients, or multiple surgeons. And there remains another possibility that the subsequent medical treatment may be strongly biased depending on the etiology of epilepsy. For example, in case of non-lesional or non-TLE, reduction of antiepileptic drugs may be intentionally refrained for long time.

Conclusion
==========

In this study, long-term favorable outcome following resection surgery was verified in more than half of patients with intractable partial epilepsy. In addition, our longitudinal analyses of seizure control during a postoperative period up to 10 years in a single institute raises questions to be addressed in future studies that will further our understanding of epilepsy progression.

Work by the authors in the present study was supported by Grant-in-Aid for Scientific Research C (24592159) from Japanese Society for the Promotion of Science.

![Circle graphs demonstrated proportion of each surgical outcome based on Engel's criteria at 2 (A), 5 (B), 10 (C) years after resection surgery. Bar graph (D) showed comparison in number of patients for each Engel class amongthe three different times after surgery. Evaluation at 2 years contained 26, 22, 14, 6, 2 cases of Engel ClassIa, Ib-d, II, III, IV, respectively. Seizure control at 5 years ended as 24, 21, 5, 6, 3 cases for Engel Class Ia, Ib-d, II, III, IV, respectively. Seizure control at 10 years ended as 18, 10, 7, 6, 3 cases for Engel Class Ia, Ib-d, II, III, IV, respectively.](nmc-53-805-g1){#F1}

![Bar graph demonstrated proportion of each surgical outcome of the patients in who have been followed in detail throughout the study period of 10 years. The proportion of Engel Class Ia, III, and IV increased a bit from 36% to 41%, from 11% to 14%, from 2% to 7%, respectively. As for Engel Class Ib-d, II, there was no constant tendency in proportional change.](nmc-53-805-g2){#F2}

![Kaplan-Meier survival curve in the overall group. It estimated the probability of seizure freedom as 86% (95% confidence interval \[CI\] 82--90%), 75% (95% CI 70--80%), 67% (95% CI 62--72%), and 51% (95% CI 45--57%) at 1, 2, 5, and 10 years follow-up after surgery, respectively.](nmc-53-805-g3){#F3}

![Kaplan-Meier survival curves in various interest groups. A: Comparison between groups of MRI lesional (thick line) and non-lesional (thin line). B: Comparison between groups of TLE (thick line) and non-TLE (thin line). C: Comparison between groups of language dominant side surgery (thick line) and non-dominant (thin line). D: Comparison between groups with duration of epilepsy more than 10 years (thick line) and not more than 10 years (thin line). MRI: magnetic resonance imaging, TLE: temporal lobe epilepsy.](nmc-53-805-g4){#F4}

###### 

Clinical features of patients treated with resection surgery for medically intractable epilepsy

  Characteristics                    Data
  ---------------------------------- -------------
  Number                             76
  Mean age, years                    30 ± 14
  Male                               37
  Mean duration of epilepsy, years   14.8 ± 10.6
  MRI positive lesion                70
  Dominance of surgical site         
    Dominant                         23
    Non-dominant                     35
    Undetermined                     18
  Electrodes implantation cases      28
  Location                           
    FLE                              15
    TLE                              51
    PLE                              3
    Multilobular                     7
  Type of surgery                    
    ATL                              30
    SAH                              10
    Focus resection                  36
  Pathological findings              
    HS                               22
    Gliosis                          21
    Cortical dysplasia               11
    Tumor                            15
    Vascular anomaly                 7

ATL: anterior temporal lobectomy, FLE: frontal lobe, HS: hippocampal sclerosis, MRI: magnetic resonance imaging, SAH: selective amygdalo-hippocampal, PLE: parietal lobe, TLE: temporal lobe.
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